The structural stability and magnetic properties of the cubic and tetragonal phases of Mn 3 Z (Z = Ga, In, Tl, Ge, Sn, Pb) Heusler alloys are studied by using first-principles calculations. It is found that with the increasing of the atomic radius of Z atom, the more stable phase varies from the cubic to the tetragonal structure. With increasing tetragonal distortion, the magnetic moments of Mn (A/C and B) atoms change in a regular way, which can be traced back to the change of the relative distance and the covalent hybridization between the atoms.
Introduction
Tetragonal Heusler compounds have been receiving huge attention in recent years due to their potential applications in spintronic [1] [2] [3] [4] [5] and magnetoelectronic devices [6] [7] [8] [9] , such as ultrahigh density spintronic devices [9] [10] [11] [12] [13] , spin-transfer torque (STT) [9] [10] [11] [12] [13] [14] [15] [16] and permanent hard magnets [17, 18] . Among the tetragonal Heusler compounds, Mn 3 -based Heusler compounds exhibit very interesting properties. The previous theoretical and experimental studies [4, 16, [19] [20] [21] [22] show that the tetragonal (DO 22 ) phase of Mn 3 Ga compound is ferrimagnetic at room temperature and shows a unique combination of magnetic and electronic properties, including low magnetization, high uniaxial anisotropy, high spin polarization, and high Curie temperature. Because of these interesting properties, this material is believed to have potential for nanometer-sized spin transfer torque (STT) -based nonvolatile memories [4, 16, 23] . The first-principles calculations reveal that Mn 3 Z (Z = Ga, Sn and Ge) type Heusler compounds can have three different structural phases, where each phase exhibits different magnetic properties [24] . There are also some other reports about the phase stability and the magnetic properties for these systems [25] [26] [27] [28] , but the relation between the phase stability and the magnetic properties of Mn 3 Z tetragonal Heusler alloys has not been investigated in detail.
In this paper, the relation between the phase stability, magnetic properties, the covalent hybridization effect, and the relative position between atoms of Mn 3 Z (Z = Al, Ga, In, Tl, Si, Ge, Sn, Pb) Heusler alloys has been investigated by using the first-principles calculations. It is found that the atomic radius of Z atoms and the level of distortion have great effects on the degree of the covalent hybridization between atoms in Mn 3 Z system, which plays an important role in the phase stability and the magnetic properties of Mn 3 Z Heusler compounds.
Calculation Details
The calculations of total energy, electronic structure, and magnetic moments were performed by the Cambridge Serial Total Energy Package (CASTEP) code based on the pseudopotential method with a plane-wave basis set [29] . The exchange and correlation effects were treated using the local density approximation (LDA) [30] . The plane wave basis set cut-off was 500 eV for all of the cases, and 182 k-points were employed in the irreducible Brillouin zone. The convergence tolerance for the calculations was selected as the difference in the total energy within the 1 × 10 −6 eV/atom. These parameters ensure good convergences for the total energy.
Results and Discussion
Heusler alloys crystallize in a highly-ordered cubic structure, and have a stoichiometric composition of X 2 YZ, where X and Y are transition-metal elements, and Z is a main group element. Generally, the Heusler structure can be considered as four interpenetrating f.c.c lattices along the space diagonal, in which the transition metal atoms occupy the A (0, 0, 0), B (0.25, 0.25, 0.25) and C (0.5, 0.5, 0.5) Wyckoff positions, respectively. The main group element occupies the D (0.75, 0.75, 0.75) position. The tetragonal Heusler alloys can be considered as tetragonal distortions of the cubic phase along the z direction, and the c/a ratio can be used to quantify the amount of tetragonal distortion [9, 31, 32] . As a typical example, we first present the results of Mn 3 Ga alloy. Figure 1 shows the total energy as a function of c/a (∆E total -c/a curve) for Mn 3 Ga alloy. The total energy of the cubic phase is set as the zero point. The lattice constant of the cubic phase is obtained by minimizing the total energy and is 5.66 Å. The unit cell volume is the same as that of cubic phase, and is fixed when the tetragonal distortion is considered. From Figure 1 , it can be seen that there are two local energy minima on the ∆E total -c/a curve, i.e., a shallow one is at c/a = 1.35 and a deeper one at c/a = 1. The latter is energetically favorable. Between the two energy minima, there is an energy barrier at c/a = 1.15. The lower and upper insets show the corresponding crystal structures, band structures, and densities of states (DOS) for the cubic (c/a = 1) and distorted (c/a = 1.35) cases. From the band structures, we can see that the cubic phase (c/a = 1) of Mn 3 Ga is close to the half-metal, with a high degree of spin polarization. But in the tetragonal phase (c/a = 1.35), the band structure is completely different from the cubic one, and it can also be seen that the spin polarization declines rapidly at the Fermi level from the density of states patterns. This is mainly due to the fact that cubic symmetry is reduced after the tetragonal distortion.
Comparing the work reported by Delin Zhang et al. [31] with that by Claudia Felser et al. [33] , it can be noted that the difference of volume can have a large impact on the ∆E total -c/a curves. Therefore, we performed a series of investigations on the tetragonal distortion with different volumes to further understand the relation between the volume and the ∆E total -c/a curves for Mn 3 Ga alloy. In Figure 2a , we show the ∆E total -c/a curves of Mn 3 Ga alloy with different volumes (v = 17.0 nm 3 , 18.0 nm 3 , 19.0 nm 3 , 20.0 nm 3 , 21.0 nm 3 , 22.0 nm 3 ), which correspond to the different lattice constants in the cubic phase. It can be seen that the shape of the ∆E total -c/a curves varies with the change of the volume. There are two local energy minima in the ∆E total -c/a curves for all the Mn 3 Ga alloys with different volumes. For V = 17.0 nm 3 and 18.0 nm 3 , the total energy of cubic phase is lower than that of the tetragonal phase, which indicates that the cubic phase is more stable than the tetragonal phase. As the volume expands to higher level than 19.0 nm 3 , the total energy of the tetragonal phase becomes lower than the cubic phase. At same time, the energy barrier from the cubic phase to the tetragonal phase gradually decreases with the increasing volume, and finally, disappears at V = 21.0 nm 3 . This indicates that the tetragonal phase becomes a more stable phase with the expanding volume, and it becomes easier to transform from the cubic phase to the tetragonal phase. So, from the ∆E total -c/a curves with different volume of Mn 3 Ga, it is clear that a very small change of the volume can lead to a great change of the shape of the ∆E total -c/a curves. In other word, the phase stability of Mn 3 Ga Heusler alloys is very sensitive to the change of the volume. For the Mn 3 Ga systems, we can adjust the volume to achieve the alloys with different structures as well as possible martensitic transformations.
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The magnetic moment of Mn(B) as a function of c/a ratio is plotted in Figure 4b for Mn 3 Ga alloys with different volumes. In the process of tetragonal distortion, the distance between Ga and Mn(B) atoms along the c axis gradually increases, and the p-d orbital covalent hybridization between these atoms gradually weakens, which makes the Mn(B) moment continue to increase. At the same time, the distance between Ga and Mn(B) atom along the a or b axis gradually decreases with the increase of c/a ratio. So, the p-d orbital covalent hybridization between these atoms gradually strengthens and the Mn(B) moment decreases. Thus, we can also understand this changing behavior of the magnetic moment of Mn(B).
Furthermore, from Figure 4b , we can see that the interatomic distance effects on the covalent hybridization counteract each other when c/a ratio is small for Mn 3 Ga alloys with V = 17.0~21.0 nm 3 . And the magnetic moment of Mn(B) moment is essentially unchanged. But when c/a ratio increases to about 1.2, the p-d orbital covalent hybridization between Ga and Mn(B) atoms along the c axis plays a major role, and the magnetic moment of Mn(B) has an upward trend. When the volume increases to 22.0 nm 3 , the distance between atoms is quite large, and the covalent hybridization becomes weaker. We can see that the magnetic moments of Mn(A/C) and Mn(B) as functions of c/a ratio are very similar to Mn 3 Ga alloy for all the other Mn 3 Z (Z = Al, In, Tl, Si, Ge, Sn, Pb) alloys, as shown in Figure 5 . As different main group elements have different atomic radii, the distance between atoms can be tuned by changing the main group element in Mn 3 Z which is similar to that in Mn 3 Ga alloy with different volume.
Conclusions
In summary, the structural and magnetic properties of tetragonal Heusler alloys Mn 3 Z (Z = Ga, In, Tl, Ge, Sn, Pb) have been systemically investigated by the first-principles calculations. The calculations indicate that the stability of the system is very sensitive to changes of volume. And the volume can be tuned by changing the main group element in Mn 3 Z alloys. 
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